ettt el el el Sl el el el el el ol el {9ealelalalalel Jel el el

A
(3
o
X
"o

5 m &Y W@
& <« < T
NG =z M .
* =22 4 %
2o = a = e
<1 172! - = LS o0 Q7.
WN»U M [958 n V/MWW
T, 22 B o8 S = o
.Aifm L P H m M [ N <) (re
éw% fot fae] o =2 = o @ - { Nm o
@Dl ezB 25 3 < 23 W E 32
%NRA =i N ] em.b = : ,Wé
i m oNe/ ow & <« ) o~ O
C — Y, = o ° @ @ = §7,

4 (8 Z, @ - & wh 3 P>
Rty Z, < L 2w ¢ o g %
] o¥0 % 85 5 & = 5 s 8 %
TS fo - O - £ o o Cot = TR
&) el £, a Z 2 = oz

e C - o s E 3 S 5 & = Ox"
pio Z = = 39 & % £ 2 £ = 2
Y = —~ =& & 3 58 W 3 b
Aw«v@ ol e = T W T e E o @ ZH
e D) e - <« B £ 0 £ & M o
(s (] ] (=l z Z 2 2] e
A Pl P << D A TR
- 2 2 o o o
=l B T = 2
+$5 < . = T
i <« £ ® o
wl @ Z B
| -l <
wmm e
W 5y
Mo s
W Ov”

%w) e
&

AR P %\%ﬁ%ﬁ%ﬁ%% %ﬁ@%%% PeEeE S TE R ST CE SRR o



UMI Number: 1419520

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized

copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform 1419520
Copyright 2004 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS
DHAHRAN 31261, SAUDI ARABIA

DEANSHIP OF GRADUATE STUDIES

This thesis, written by SYED IFTEKHAR MAHMOOD under the direction of his
Thesis Advisor and approved by his Thesis Committee, has been presented to and
accepted by the Dean of Graduate Studies, in partial fulfillment of the requirements for
the degree of MASTER OF SCIENCE IN MECHANICAL ENGINEERING.

, I Thes}is Committee
’ g
f‘“{/ : Z éﬁ{ L AL S

P " A e
“ProfAM. Eleiche (Chairman)

Dr. A.F.M.JArif (Member)
{""\
e =)
Dr. Ibrahim M. Allam (Member)

Dr. Al-Sulaiman, Faleh A.
Department Chairma,

‘..

Prof. Osama A. Jannadi
Dean of Graduate Studies

i iw‘f‘*; &y

Date

i




Dedicated to

My Beloved Parents & Brother

il



ACKNOWLEDGEMENTS

First and foremost, all praise to Almighty Allah, who alone made this
accomplishment possible. Acknowledgments are due to King Fahd University of
Petroleum and Minerals for the support in carrying out this research.

My heartfelt appreciation and special thanks goes to thesis advisor Prof. Abdel
Salam M. Eleiche for his untiring guidance, remarkable assistance and continuous
support throughout the course of this research. Working with him was an opportunity of
great learning and experience. Thanks are also due to my thesis committee members, Dr.
Abul Fazal M. Arif and Dr. Ibrahim M. Allam for providing valuable suggestions, help
and assistance throughout the course of this work.

I also appreciate the assistance and encouragement received from the Chairman,
faculty members and graduate students of the department.

My appreciation also goes to Mr. Abdul Hameed Farazi from electrical
department, Mr. Saber Ali and Mr. Yones Claes Selander and other staff members from
the department for their prompt and timely help.

Special thanks are due to my cousin Syed Atif Malik and friends Mujtaba bhai,
Arshad, Imran, Igbal bhai, Noman bhai, Saif, Ameen, Jalal bhai, Farooq, Sana, Farrukh,
Hasan, Bilal, Ahsan, Sohail, Nayeem, Riaz, Mujahed, Jameel, Nazim, Khusro, Haseeb,
Gayaz, Sami, Humayun and Qayum, who were always there to help me and provided

wonderful company and some memories that will last a lifetime.

v



Last but not least I am grateful to my parents for their extreme moral support and
continuous encouragement throughout the course of my studies at KFUPM as well as
throughout my academic career. No personal development can ever take place without

the proper guidance of parents.



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS ccccvceriacssisassssnsscssosesssosssassassusssassesssssssassassassssssonssssssssnsonassns v
LIST OF TABLES. ..occoosrccmoncsesseosssassossossssstssssassssssosssssssossssssssssasssssnsassssssasassssasssssncs VIII
LIST OF FIGURES..cccecseecrncsssoscossosssssssosssassssorsassassesassssssassassessssssssassassssassossssssssassssssss IX
THESIS ABSTRACT (ENGLISH) ....cccoconesensonsons cocosnsossossssasssatenssssssassssesasssssssens X1
THESIS ABSTRACT (ARABIC) ccccensocencnisussissnsnsscssssssasssassassonsasssssssssssassssssssassssane X1
CHAPTER 1- INTRODUCTION & BACKGROUND o eeerommemmmesseesesssesssssmssessssess 1
1.1  Problem Statement.......ccocuriiiiiiireieecctceieee ettt 1
1.2 Fundamentals of Split Hopkinson Bar testing.......ccccecverneereiiininnninnneccnnene. 3
1.3 Complications in Testing Brittle Materials .......cc.cceeoiiiiiviiecniinncnienniicens 6
1.4 Proposed SOIULONS ..overiiieie it saeer ettt ee e s eareeeesmresaes e snaas 7
1.5 Objectives of the Present Work......ccocovvviviieriennieireenieee e 10
1.6 Thesis Organization........cccveieriierericerienereesaetesecessessseareesaseneeseeesnesreneesaees 10
CHAPTER 2- REVIEW OF PREVIOUS WORK ....cccccossumsenssncssssssassonsoasessssassssssassons 11
2.1 INEEOAUCTION .ottt ettt e e s st ens 11
2.2 Modifications of Split Hopkinson Pressure Bar.......c.ccocevviiieivcennniiinnnnns 13
2.2.1 By Nemat-Nasser, Isaacs and Starrett (1991) ..o 13
2.2.2 By Frew, Forrestal and Chen (2001).....ccocccoviiiiiiiiniiiicciiiiciii, 15
2.3 Experimental Results Obtained by Sarva and Nemat-Nasser Using a

Modified SHPB (2001).iiiieoieeirereeceeenrcieee ettt 19
2.4 Criticism of Methods Used in Previous Work ..o 20
2.5 Proposed Solutions in the Current Thesis Work ....c.cocivveeiiinniniiicinnenna, 23
2.5.1 Proposed methodology for producing a ramp loading ......c..ccoceeeennee. 23
2.5.2 Proposed methodology for the analysis of the experimental data........ 23

CHAPTER 3 - PROPOSED METHOD FOR GENERATING AN INCIDENT
RAMP LOAD...ccicininssessassssesniseesssssonsacossnsossssasssossssssssss 24
3.1 INtrOGUCHION ceeiitiiie ettt sttt st et e st e saae s 24
3.2 Theoretical ANAlYSIS...ccccoiiiriieiiieeriririiie ettt sttt e 25
3.3 Implementation in SHPB Setup....cccoooiriiiiiiiiiiccee e 30
3.3.1 Pressure bars characteristics .....eevvererioieniiierrieniiieere e 30
332 Baralignment ........coooiiiiiiie it 32
3.3.3 Mode of generating the incident Wave .......ccccoceevieeenirirniceerenieannens 32
3.4 INSTUMENTAION ..eoitieiteiteeiieriee ettt ettt eteete e e srneenbeeneeeaee e seeessnee 32
3.5 Data ACQUISIEION ..cccviiirreiireeeetieereesseeesreeresaaeersrssreesaseeeserasssasaseesseseaensessens 34

vi



3.6 Implementation of the Developed Method of Ramp Loading to SHPB

TOSTIIIZ cveveereniiereeie e eere ettt et teere e re et eer e st ceanesacoab s s st e st e s s s ene et e b s e ae b e reenes 34
CHAPTER 4 - PROPOSED METHOD FOR ANALYSIS OF

EXPERIMENTAL DATA ..cocncrccssnsnsssssssossassonsasssssosssssossassansassasansans 37

4.1 INIOAUCHION 1eivieieeceie et teee e s ettt et b e eeaneseseesaseserenesnaesbaesnneasasnnsnnssans 37

4.2 Numerical Simulation 0f TeSt ...e.ocvivvirieriiiricee e 38

4.3 General Descriptions of the Software Used ......cccccocevviviiiiniiiniininn, 42

4.4 TImplementation of the New Approach ..o, 43

4.4.1 Details of the experimental SETUP ..ooocvvevevveiiviccvniiinie 43

4.42 Numerical Model........ccooiiiiiiinieniecieeeccccie e 46

443 Input data values.......ccocvviiiiiiiiiini e 48

4.4.4 Numerical RUDS.. .c.ooooiiiiieeiee ettt 50

CHAPTER 5 - CONCLUSIONS & RECOMMENDATIONS....ccccvcnssunsanssnsssasosessns 68

5.1 CONCIUSIONS ..oiitiiiiireiireieeereesiee st et ee e sertese st essbtesbsesssasesanassbeansseneenas 68

5.2 Recommendations for Future Work .......ccccooiviiiiiiniiiieciccins 69

REFERENCES. . ..... ccoccccssssusssssssssssssscassansssssssossosess .- 70

APPENDIX A DERIVATION OF MAIN EQUATIONS USED IN THE SHPB......73

APPENDIX B ELASTIC IMPACT OF SPHERES ON LONG RODS ...cccoeencrnccnsnes 77

APPENDIX C ILLUSTRATIONS OF CURRENT SHPB SETUP.. 82

APPENDIX D BACKGROUND ON ANSYS/LS-DYNA ..cceeenussamsnnsnsssossessuosassassans 87

VITAE........... sssssmesessassonsseses conessessesassassrasasessssissnsssasssessssssnssesnansane 92

vit



LIST OF TABLES

Table 4.1 Data used in the numerical analysis ....ooeevviieerieneeriinieenr e

viii



Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

1.3

1.4

1.5

2.1

2.2

23

2.4

2.5

2.6

2.7

2.8

2.9

2.10

3.1
32

33

3.5
3.6
3.7

LIST OF FIGURES

Page
Principle of the classical split Hopkinson pressure bar test ......ooovvevinvneiennnn. 4
Stress-strain curves at various strain rates for PMMA under conditions of
uniaxial strain using plate impact experiments (Sato and Kituchi, 2001)......... 8
Stress as a function of strain-rate for PMMA under conditions of uniaxial
strain using plate impact experiments (Sato and Kituchi, 2001)........cccococenei. 8
Effect of strain-rate on stress-strain curve for concrete (Shirai, Yagishita
ANA T10, 2001 )i s 9
Effect of strain-rate on dynamic compressive strength of concrete (Shirai,
Yagishita and 110, 2001) ...ccoeiiiiiiiiceiceici e 9
Modification of SHPB (Nemat-Nasser, Issacs and Starrett, 1991) .cocoeeneee 14

Strain profile generated by a 9 inch striker bar at 11.02 m/s velocity with
an OFHC cushion of 0.190 inch initial diameter and 0.020 inch thickness

(Nemat-Nasser, Issacs and Starrett, 1991) ..o, 16
Deformation-time history of the specimen (Sarva and Nemat-Nasser,

2001 ) ettt ettt ettt sae s st eaesr e aeeaen 16
Schematic of the loading end of a SHPB with a pulse shaper (Frew,

Forrestal and Chen, 2001) ..ot 17
Incident bar stress data and model prediction for a .

hard C11000 copper pulse shaper (Frew, Forrestal and Chen, 2001) .......... 18
Incident bar stress data and model prediction for an annealed C11000

copper pulse shaper (Frew, Forrestal and Chen, 2001) ..o 18
Output obtained from strain gauges on I/P and O/P bars (Sarva and Nemat-
NASSEE, 2001) coviiiiie et eeee et reree e rr e e er e seeeesereeserbressnar s baeeosnsessnbsenne 21
Strain profile obtained from strain gauges on the sample

(Sarva and Nemat-Nasser, 2001).....c.ccccerrveennnerenerereinessceeensnsnineneeenen 21
Experimental results for compressive failure strength

(Sarva and Nemat-Nasser, 2001).....ccccovviimimniiiiniiiiini e, 22
Comparison of fragment size for static and dynamic tests

(Sarva and Nemat-Nasser, 2001} ....cccceeiirniiiiiciiiiiiee e 22
Schematic diagram of spherical ball hitting a long cylindrical bar................. 27

Stress versus time at the impact end of a 1 in. dia. bar impacted by a lin.

dia. ball at different impact velocities (Barton, Volterra and Citron, 1958) ...28
Stress versus time at the impact end of a 1 in. dia. bar impacted by a 2 in.

dia. ball at different impact velocities (Barton, Volterra and Citron, 1958) ...28
Stress versus time at the impact end of a 0.63 in. dia. bar impacted by a

1.7 in. dia ball at different impact velocities (current setup)......cceevevvvevvnnne. 29
SHPB and instrumentation .........eevveeveeeriecseennerereeeeeairesseessmsessersonesansesnsensnes 31
Full Wheatstone bridge CIrCUIt .....oovveevereienieriecreciierecceen et 33
Calculated stress history at the impact end of 0.63in. dia. bar versus time

for 1.7 in. dia. ball at a velocity of 1m/s (current geometry)......cooeeevevvrenncn 36
Experimental traces obtained from the oscilloscope........cococvviiniiinnnninnn. 36

iX



Fig. 4.1
Fig. 4.2
Fig. 4.3
Fig. 4.4
Fig. 4.5

Fig. 4.6
Fig. 4.7

Fig. 4.8
Fig. 4.9

Fig. 4.10

Fig. 4.11

Fig. 4.12

Fig. 4.13
Fig. 4.14

Fig. 4.15

Fig. 4.16

Fig. 4.17

Fig. 4.18

Fig. Ay
Flg By

Fig. Bz
Flg Bs
Flg G

Fig. Cz
Fig. Cs

Flow chart for determination of specimen strength and strain rate................. 40
Characteristic X-t dIaZTAM ....cccovinvii i e e 4]
Experimental traces obtained from strain gauges on I/P and O/P bars

(Sarva and Nemat-Nasser, 2001)....ccccorvriiiniiiiiii e, 44
Experimental results for compressive failure strength (Sarva and Nemat-
NASSET, 2001 ) ittt 44
Geometric representation of the axisymmetric model of SHPB

(NOL 0 SCALEY 1 cvieee it et ee e et cr e e s e e aas s san e e earae s 47
FEM model of specimen and portion of pressure bars.......ccoecvvcvvriviccennnes 49
Stress/strain histories for stepl (i.e. complete run for SHPB at a given

impact stress history) at specimen fracture strength of 6 GPa .........ccooenvnne. 51
Strain history at the middle of the SPecimen ..........cccccvveviercnicnnniiinninnnn. 52

Stress histories for step2 (i.e. separate runs for input and output bar, in

order to calculate the release wave) at specimen fracture strength of 6 GPa..54
Stress histories for step3 (i.e. complete run for SHPB using initial loading
wave till the time of fracture, i.e. 10 s, in order to calculate stress history

for output bar) at specimen fracture strength of 6 GPa .........cocovrvieennnn 56
Stress histories for step4 (i.e. numerical run for input bar using the initial
loading wave, in order to calculate the reflected wave after fracture of the

specimen) at specimen fracture strength of 6 GPa......c.covvvvviiiiiicinnn, 57
Resultant numerical traces obtained (combination of steps 1-4) at specimen
fracture strength of 6 GPa and strain-rate of 1200/S€C .....c..coevceriniiiiiciinnnns 58
Experimental traces at a strain rate of 1200/8€C .......cccccecvivniiininivnicnrenenn 58
Stress/strain histories for step! (i.e. complete run for SHPB at a given

impact stress history) at specimen fracture strength of 7 GPa ... 60

Stress histories for step2 (i.e. separate runs for input and output bar, in

order to calculate the release wave) at specimen fracture strength of 7 GPa..61
Stress histories for step3 (i.e. complete run for SHPB using initial loading
wave till the time of fracture, i.e. 12 ps, in order to calculate stress history

for output bar) at specimen fracture strength of 7 GPa ... 62
Stress histories for step4 (i.e. numerical run for input bar using the initial
loading wave, in order to calculate the reflected wave after fracture of

the specimen) at specimen fracture strength of 7 GPa ..o 64
Resultant numerical traces obtained (combination of steps 1-4) at

specimen fracture strength of 6 GPa and strain-rate of 1200/sec.........ccccccvee. 66
Specimen sandwiched between two bars .......cccoevniviiinincinnc e 74

Stress versus time at the impact end of a 1 in. dia. bar impacted by a lin.

dia. ball at different impact velocities (Barton, Volterra and Citron, 1958) ...80
Stress versus time at the impact end of a 1 in. dia. bar impacted by a 2 in.

dia. ball at different impact velocities (Barton, Volterra and Citron, 1958) ...80
Stress versus time at the impact end of a 0.63 in. dia. bar impacted by a

1.7 in. dia ball at different impact velocities (current SEUP)....ccecevevevirciirnnnn 81
Front view of the developed SHPB Setup......ccccecvmevinineininiecciinteiciene 84
Side view of the developed SHPB SE€tUp ......ccccevveiimiiiiiiniiiiiiiiicieeens 85
Full view of the developed SHPB setup......ccoccevviiviiiiiiiniiiicnirnes 86



THESIS ABSTRACT

Name: Syed Iftekhar Mahmood

Title: Impact testing of brittle materials using split Hopkinson pressure bar
technique

Major Field: Mechanical Engineering

The high strain-rate compressive behavior of structural materials (ductile and
brittle) are quite important, and can be obtained using different experimental techniques,
such as falling weight or impacting mass technique, but the accuracy of measurements
decreases with the increase of the strain rate. However, the split Hopkinson pressure bar
apparatus (SHPB) can provide the solution since, in this case, practical test execution is
relatively simple, and interpretation of the test results is relatively straightforward. It is
required for a material under test in a SHPB technique to deform homogeneously and at
a nearly constant strain rate; therefore this technique is limited for only ductile

materials.

Brittle materials (ceramics, rocks) play a vital role in many engineering
applications. Therefore, during the last decade there have been numerous developments
in the conventional SHPB technique in order to obtain high strain-rate behavior of these
materials. Due to certain limitations in the developed techniques, the current work aims
at certain modifications in order to facilitate the dynamic testing of brittle materials

along with its data analysis.

The first proposed modification relates to the replacement of the cylindrical
striker bar of the classical SHPB with a spherical ball. This helps generate a smoothly
increasing compressive pulse followed by an unloading tensile one, which was found
recommendable in previous works to obtain high strain-rate compressive behavior of

brittle materials.

xi



The second proposed modification involves the numerical simulation of the SHPB
test, aiming at calculating the reflected wave, then comparing it with the measured
experimental one. This helps in obtaining the compressive failure strength of brittle

materials at diffevent strain-rates in a simple manner.

Master of Science Degree
King Fahd University of Petroleum and Minerals
Dhahran, Saudi Arabia
January 2004
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CHAPTER 1

INTRODUCTION & BACKGROUND

1.1 Problem Statement

The number of applications in which structural elements are subjected to high
strain rate loading is very widespread. These loads can be caused by accidents, such as
collisions or falling objects, or can be inherent in the basic working conditions of the
system (internal combustion, high frequency vibration, etc). Dynamic loads can also
appear as a result of wear or bad maintenance, resulting in hammering between elements

(Johnson, 1972; Verleysen, 2000)

Other examples include the case of a bird-strike on aerc-engine blades, the design
of shields to contain fragments from a bursting pressure vessels or high-speed rotor,
impact of runway debris on aircraft composite panels (cf. Concorde accident in 2001),
plastic flow close to rapidly propagating cracks and many conventional metal working or
forming processes where very large strains are applied in very short times. As a
consequence, dynamic experiments are essential (e.g. Follansbee, 1985; Field et al,

1998).

Because of their specific properties, brittle materials are used in almost all fields

of engineering. Concrete is a well-established material in civil constructions, ceramic



parts are used in applications ranging from textile machines to bearings in combustion
engine parts, thermoset plastics are used in automotive panels and telecommunications

etc.

The high strain-rate behavior of ductile and brittle materials can be obtained with
different experimental techniques, such as falling weight or impacting mass technique,
but the quality of measurements decreases with the increase of the strain rate. The main
reason is that the assumption of an instantaneous equilibrium in the loading frame and the
measuring device used in these techniques, which usually neglects wave propagation
effects, is not valid (Frew, 2001). Consequently, these methods of testing begin to lose
accuracy at medium strain rates and special short loads cells must to be used (Harding,
1988). However, the split Hopkinson bar apparatus (SHB) can provide the solution since,
in this case, practical test execution is relatively simple, and interpretation of the test

results is relatively straightforward.

The SHB technique was originally designed for obtaining stress-strain data for
ductile materials. Due to certain limitations for testing brittle materials, as discussed in
the later sections, many investigators have introduced certain modifications in the
classical SHB, but still more are required. Therefore the present thesis aims for certain
modifications in order to facilitate the dynamic testing of brittle materials along with its

data analysis.

In the following sections, the fundamentals of the SHB technique along with
complications involved in testing brittle materials, proposed solutions by various
researchers, objectives of the present work and finally organization of the present thesis

will be presented.



1.2 Fundamentals of Split Hopkinson Bar testing
Initially, the SHB was used for compression testing (Kolsky, 1949), hence the
name SHPB. Later, tension, torsion, direct shear, bending, and combined loading were

introduced and developed (Field et al, 1998).

In the classical split Hopkinson pressure bar test, a short cylindrical specimen is
sandwiched between two long elastic metallic bars known as input and output bars, as
shown in Fig.1.1. The ends of the pressure bars and specimen are machined flat to
enforce prescribed boundary conditions. A compressive stress pulse of square shape is
generated at the far end of the input bar with the help of a cylindrical striker bar of
specific length. This pulse travels along the bar towards the input bar-specimen interface
where, because of impedance mismatch, it is partially reflected back into the input bar
and partially transmitted through the specimen and into the output bar. The reflected
pulse is reflected as a wave in tension, whereas the transmitted pulse remains in

compression, until it reflects from the far free end of the output bar as a tensile wave.

The strain histories in the two pressure bars are recorded by strain gages at A and
B. So long as the bars remain under their elastic limits, the specimen stress, strain, and
strain rate may be calculated from the recorded strain histories (e.g. Wasley, 1973). The

specimen stress is calculated from:

EAO 6‘T (t)
A

$

o,() = (1-1)



Specimen

Striker Bar

Input Bar Ej

QOutput Bar E:]

Strain gage A

Strain gage B

Fig. 1.1 Principle of the classical split Hopkinson pressure bar test




where E is the elastic modulus of pressure bar, A, and 4, are the cross sectional areas

of the output bar and sample, and £7(#) is the transmitted wave strain history.

The specimen strain rate is calculated from:

. de (1) 2C,
gs = i T
dt {

5

£, (1) (1-2)

where £,(¢) is the reflected wave strain history, L, is the specimen length prior to

impact, and C, is the uniaxial wave velocity in the bar material, given by:

o

c = (1-3)
P

where E and p are the elastic modulus and density, respectively, of the bar material.

Equation (1-2) can be integrated to yield the specimen strain as:

2ZC° }gk (£)dt (1-4)

s

£,(0=

Equations (1-1)-(1-4) are derived in detail in Appendix A.

There are three major assumptions in deriving the above equations, as noted by
many investigators (e.g. Follansbee, 1985; Ravichandran and Subhash, 1994), namely:

a) The specimen undergoes homogeneous deformation during the experiment. This
ensures that the stress within the specimen is equilibrated. This can usually be
satisfied by using a specimen length such that the duration of the stress pulse
employed is much greater than the transit time for the stress pulse in the specimen.

b) The various stress pulses (incident, reflected and transmitted) encountered in the split
Hopkinson bar undergo minimal dispersion. This assumption ensures that the signals

recorded from strain gages, which are placed on the input, and output bars are true



measures of the response of the specimen. This also implies that the variations of
stresses and displacements over the cross section of the bar are negligible, i.e., one-
dimensional state prevails. This has important implications in studying the high strain
rate response of brittle materials, especially when the specimens fail in a very short
duration (a few microseconds).

The bars remain elastic at all times, and their ends in contact with specimen remain
flat and parallel throughout the experiment. Making the input and output bars of high-
strength material usually meet this assumption.

This technique had been used to measure the dynamic compressive properties of

almost all ductile materials. A comprehensive review has been reported by Eleiche

(1972).

1.3 Complications in Testing Brittle Materials

ii.

The following criticisms can be made regarding the classical SHPB technique.

The SHPB is mainly used to investigate the dynamic flow behavior of ductile metal.
Hence, the results at small strains are not considered valid owing to fluctuations
associated with the early portion of the reflected signal and the non-equilibrated stress
state in the specimen. When elastic and small-strain behavior is important, such as in
the case of brittle materials, the accuracy of the conventional SHPB is not acceptable.
The technique also requires the sample to deform under constant strain rate. In the
classical Hopkinson bar technique, this is accomplished by seeking to impart a
constant stress pulse into the incident bar. But the constant stress pulse does’ not
produce a constant strain rate. Instead, it deform the sample in three distinct regimes,

namely, an initial regime of positive strain rate, when the stress in the sample



increases to a constant level, followed by a regime of zero strain-rate, which is then

followed by a regime of negative strain rate (Nemat-Nasser, Issacs and Starrett,
1991).

Some results reported in the literature showing the effect of strain rate on some

brittle materials are given in Figs. 1.2 and 1.3 for PMMA and in Figs. 1.4 and 1.5 for

Concrete. The experimental techniques used were different than those used in the

classical SHPB.

1.4 Proposed Solutions

To overcome the problems mentioned in the previous section, many investigators
have developed novel techniques for the SHPB experiments, in which they recommended
pulse shaping in order to achieve a ramp pulse in the incident bar. The investigators
emphasized that a slowly rising incident pulse is preferred to a pulse that rises steeply in
order to minimize the effects of dispersion and allow the sample to achieve dynamic

stress equilibrium along with the constant strain rate.

Such novel techniques developed for dynamic compression tests along with
experimental results obtained on a typical brittle material (SiC) are discussed in

Chapter2.



Fig. 1.2 Stress-strain curves at various strain rates for PMMA under conditions of
uniaxial strain using plate impact experiments (Sato and Kituchi, 2001)
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Fig. 1.3 Stress as a function of strain-rate for PMMA under conditions of uniaxial
strain using plate impact experiments (Sato and Kituchi, 2001)
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1.5 Objectives of the Present Work
The main objectives of the current thesis are:

i. To propose a new simple method to produce ramp compressive loading followed by
unloading, through theoretical analysis and confirmation by experiment. The method
is detailed in Chapter3.

ii. To propose and apply a new approach to obtain the material strength at different
constant strain rates by numerically simulating the experiment and comparing

calculated pulses with the measured ones. Details are presented in Chapter4.

1.6 Thesis Organization

Chapter 2 provides a critical review of previous work, and a proposed
methodology for testing brittle materials. Chapter 3 presents the proposed method to
introduce an incident ramp loading in the SHPB test. Chapter 4 discusses the proposed
numerical simulation of the experiment. Finally, Chapter 5 presents the conclusions and

some recommendations for future work.

10



CHAPTER 2

REVIEW OF PREVIOUS WORK

2.1 Introduction

The split Hopkinson pressure bar (SHPB) technique, originally developed by
Kolsky (1949), has been used by many investigators to obtain dynamic compres‘sion
properties of solids. The evolution of this experimental method and recent advances are
discussed by Nicholas (1982), Ellwood, Griffiths and Parry (1982), Follansbee (1985),
Nemat-Nasser, Isaacs and Starrett (1991), Field et al (1998), Frew, Forrestal and Chen
(2001). This technique is mostly used to study the plastic flow stress of materials that
undergo large strains at strain rates between 10%-10* 5. 1t is usually agreed that collected
data are typically obtained for strains larger than a few percent because the technique is
not capable of measuring the elastic and early yield behavior (Nemat-Nasser, Isaacs and
Starrett 1991).

In contrast, most of the advanced materials of interest such as ceramic composites
(which possess exceptional mechanical properties) are relatively brittle and reach their
full strength at strains less than about 1.0 percent. The determination of the dynamic
compressive strength of these materials poses a challenging problem because in an ideal

Kolsky compression bar experiment, the sample should be in dynamic stress equilibrium

11



and deform at a nearly constant strain rate over most of the test duration. For the stress-
strain response of relatively brittle materials that have a nearly linear response to failure,
the classical SHPB needs certain modifications. In order to overcome this problem many
researchers recommended the shaping of the incident as discussed below.

Christensen, Swanson and Brown (1972) used striker bars with a truncated-cone
on the impact end in an attempt to produce ramp pulses. Franz, Follansbee and Wright
(1984) discussed experimental techniques for pulse shaping and a numerical procedure
for correcting raw data for wave dispersion in the bars. In a comprehensive review paper,
Follansbee (1985) discussed pulse shaping using metal samples for SHPB experiments.
He had also emphasized that a slowly rising incident pulse is preferred to a pulse that
rises steeply in order to minimize the effects of dispersion and allow the sample to
achieve dynamic stress equilibrium. Nemat-Nasser, Isaacs and Starrett introduced in 1991
a novel technique to adapt the classical SHPB for testing of brittle materials. They
introduced pulse shaping with properly designed OFHC disk to achieve a ramp pulse in
the incident bar, while measuring the specimen strain by attaching strain gauges directly
on its surface. Later on, Togami, Baker and Forrestal (1996) used a thin Plexiglas disk to
produce non-dispersive compression pulses in the incident bar. Frew, Forrestal and Chen
(2001) also presented pulse shaping techniques, whereby thin disks of annealed or hard
C11000 copper were placed on the impact surface of the incident bar in order to shape the

impacting pulse.

In the following sections the novel techniques developed by Nemat-Nasser, Isaacs

and Starrett (1991) and Frew, Forrestal and Chen (2001) are presented. Some results

12



obtained for the behavior of typical materials are also shown. The major drawbacks of the

methods used are finally discussed and a proposed solution presented.

2.2 Modifications of Split Hopkinson Pressure Bar

2.2.1 By Nemat-Nasser, Isaacs and Starrett (1991)

The experimental technique used two changes in the conventional split Hopkinson

pressure bar (Fig.2.1):
a) A thin metal cushion is placed at the end A of the incident bar
b) The specimen strain is measured directly by attaching strain gauges to its surface.

The presence of the cushion introduces a monotonically increasing ramp-like
stress pulse in the incident bar. The average strain at which the test can be performed, is
limited in this technique. Since the strain is measured directly on the specimen as a
function of time, reliable information is obtained. The measured incident and transmitted
pulses, gives the complete axial stress history of the sample, while the axial and lateral
strain histories are measured by two strain gauges on two adjacent lateral faces of the
sample.

It can be seen from Eq. (1-2) used to determine the strain rate in the classical
split Hopkinson pressure bar experiment, it is necessary that &~ - (g1-&;) be constant in
order to make the sample strain rate constant. This is achieved by seeking to impart a
stress pulse, having a very short rise time and constant amplitude thereafter, into the
incident bar. However, in an elastic sample a constant stress pulse cannot produce
constant strain rate; instead, it deforms the sample in three distinct regimes, namely,

initial regime of positive strain rate, when the stress in the sample increases to a constant

13
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Fig. 2.1 Modification of SHPB (Nemat-Nasser, Issacs and Starrett, 1991)
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level, followed by a regime of zero strain rate, which is then followed by a regime of
negative strain rate.

Thus in the novel technique adopted, the strain rate (g;-er) is tried to be kept
nearly constant as possible by using a ramp pulse produced by the deformation of a metal
cushion. This metal cushion, also called the pulse-shaper, is made of a properly selected
material and to critical dimensions, introduces a monotonically increasing ramp-like
stress pulse in the incident bar as shown in Fig.2.2. Since the sample response is linear,
essentially up to the failure stress, the ramp-like pulse is ideal to subject the sample to a
constant strain rate up to fracture.

Moreover, the specimen strain rate is usually measured from the deformation-time
history of the specimen, as seen in Fig.2.3. This is discussed in some detail in the next

section.

2.2.2 By Frew, Forrestal and Chen (2001)

The conventional SHPB apparatus is modified also by shaping the incident pulse
such that the samples are in dynamic equilibrium and have nearly constant strain rate
over most of the test duration. A thin disk of annealed or hard C11000 copper is placed
on the impact surface of the incident bar as shown in Fig.2.4. After impact, the pulse
shaper deforms plastically and spreads the pulse in the icindent bar. In their work, the
authors also present an analytical model and experimental data that show a wide variety
of incident strain pulses produced by varying the geometry of the pulse shapers and the
length and striking velocity of the striker bar. Figs. 2.5 & 2.6 represents the experimental
data and model predictions for incident stresses from pulse shaped experiments using

hard (HRB 45) and annealed C11000 pulse shapers.

15
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2.3 Experimental Results Obtained by Sarva and Nemat-Nasser Using
a Modified SHPB (2001)

Sarva and Nemat-Nasser used a SHPB modified as explained above to test Silicon
Carbide. Figure 2.7 shows the time resolved voltage output from strain gauges attached
on the input and output bars of a sample test. The failure strength is calculated from the

transmitted pulse, using Eq. (1-1).

Since the failure strains in SiC are very low, the resulting reflected pulse is thus
very weak and cannot be taken as an accurate measure of the strain in the sample.
Therefore, the sample strain was measured from strain gauges fixed directly on the
specimen. Figure 2.8 is the strain-time profile calculated from the output of the strain
gauge attached axially on the sample. The sample is loaded for approximately 20 us,
prior to failure. As can be seen, the sample strain rate achieved is constant at about
1200/s. Figures 2.7 and 2.8 are important ones for this thesis, and will be discussed in

great detail in Chapter 4.

The stress-strain curves obtained indicated a nearly linear response up to failure,
for both static and dynamic tests, indicating very little plasticity. The effect of strain rate
on the compressive failure strength of SiC is seen in Fig. 2.9. The compressive strength
under quasi-static testing conditions is approximately 4.2 GPa. Dynamic tests confirm the
strain rate sensitivity of this material. The strength increases to 4.2 GPa at a strain rate of
250/s, and further to 7.0 GPa at 1200/s.

Sarva and Nemat-Nasser also reported that the sample failed by axial splitting

under both static and dynamic conditions. At peak stress, the samples shattered to
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fragments. Figure 2.10 compares the fragment size for static and dynamic tests. The

fragment size for the static test can be seen visibly larger than that for a dynamic test.

2.4 Criticism of Methods Used in Previous Work

There are certain limitations in the techniques discussed above for testing brittle

materials, namely:

(@)

(b)

In order to introduce monotonically increasing ramp-like stress pulse in the
incident bar, the thin metal cushion placed at the impact end of the incident bar,
should be properly designed in terms of material selection and dimensions. This is
a complex and unreliable technique of pulse shaping, since a slight variation can

produce an unexpected shape of the incident pulse (cf. Figs 2.2, 2.5 and 2.6)

Since the resulting reflected pulse is not an accurate measure of the strain in the
sample, Sarva and Nemat-Nasser obtained the axial strain history by attaching
strain gauges directly on the specimen surface. Fixing strain gauges on the
specimen is not always a practical approach especially if the specimen size is too
small which reflects on the accuracy and cost involved. Moreover, the approach
dictates scarifying the strain gauge and wiring with each test, which implies

unaffordable costs, particular when a large scatter in the results is involved.
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2.5 Proposed Solutions in the Current Thesis Work
In order to rectify the above-mentioned problems involved in the previous work
reported on brittle materials other solutions are proposed in the present thesis. These are

briefly described in the following.

2.5.1 Proposed methodology for producing a ramp loading

In this method, the cylindrical striker bar of the classical SHPB is replaced by a
spherical ball. This helps generate a smoothly increasing compressive pulse followed by
an unloading tensile one, To prevent indentation of the input bar, its surface should be
properly hardened. The theoretical analysis of this situation involving different diameter
spherical balls hitting a long cylindrical bar of given diameter had been performed. The

results are presented in the next chapter and also compared with experimental traces.

2.5.2 Proposed methodology for the analysis of the experimental data

A numerical study involving the simulation of the test is proposed, aiming at
calculating the reflected wave, then comparing it with the measured one. The procedure
involves estimating beforehand the amplitude of the specimen strength at the strain rate
of the test. A few iterations usually yield the proper value. Details of this method and its

application are given in Chapter 4.
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CHAPTER 3

PROPOSED METHOD FOR GENERATING AN

INCIDENT RAMP LOAD

3.1 Introduction

As discussed in the previous chapters, many researchers modified the
conventional SHPB using the pulse-shaping technique. From this technique the dynémic
properties of materials, which behave elastically, can be obtained with reasonable
accuracy.

Due to the limitations discussed in Chapter 2 for pulse shaping techniques, a
novel method of loading is proposed in which a cylindrical striker bar is replaced by a
spherical ball. The resulting impact wave is a smoothly increasing compressive pulse
followed by an unloading tensile one. For this particular impact situation, a theoretical
analysis of different diameter spherical balls hitting a long cylindrical bar of given
diameter is performed, and the results are presented in the following section. Based on
this modification, an experimental SHPB setup is developed, manufactured, and

instrumented.
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3.2 Theoretical Analysis

Barton, Volterra and Citron (1958), performed a theoretical analysis for the case
of a longitudinal elastic impact of a sphere on an infinitely long cylindrical bar (Fig.3.1).
They also compared the analysis with experimental results for different diameter of

spheres.
The governing non-linear ordinary differential equation for impact of a sphere
against a rod is derived in Appendix B. It is given by:

2 3/2
g K 4" K

Y229 3-1
dt*>  pC,A dt mﬂ G3-1)

where B is the relative displacement of the centers of mass of ball and bar, p is the

density, A is the cross-sectional area of the bar, E is the modulus of elasticity, v is

Poisson’s ratio of the bar, C, is the wave velocity, which equals [— , m is the mass of the
p

ball, and K is a constant dependent on the elastic and geometric properties of the contact

surfaces. For the case of a spherical ball of radius » hitting a flat surface of the same

material as the sphere, the formula for K is given by:

k=2 £ (3-2)
3l1-0?

where r is the radius of the ball. The derivation and solution of Eq. (3-1) are given in

detail in Appendix B.

The relationship between the contact force and local deformation is determined

from classical Hertz contact theory, usually given by:
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3

F(t)=-KB(t) (3-3)
Therefore, the stress at the impact end of the longitudinal bar is calculated by:

am=%? (3-4)

where F(7)is the force between the ball and the bar, A is the cross-sectional area of the

cylindrical bar.

Previous equations have been programmed using Mathematica. The solution for

the stress-time variation at the impact end was obtained for two cases of interest, namely:

Case (1) The conditions used by Barton, Volterra and Citron (1958) consisting of steel
balls of diameters 1 and 2 inches hitting a cylindrical bar of linch (2.54cm)
diameter at different velocities. Stress-time histories of these configurations are
shown in Figs. 3.2 and 3.3, and compare identically with those given by Barton,
Volterra and Citron (1958). This helps verify the calculation procedure using

Mathematica.

Case (2) The conditions pertaining to the current experimental setup, consisting of a steel
ball of diameter 1.7-inch diameter hitting a cylindrical bar of 0.63 inch (1.6 cm)
diameter. A parametric study is performed to indicate the effect of impact
velocity. The resulting stress-time histories for this configuration are shown in

Fig.3.4.
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The results shown in Figs. 3.2-3.4 indicate that the maximum stress intensity
achieved and the corresponding rise times obtained in the long cylindrical bar depend on

the following factors.
b) The velocity at impact (corresponding to the drop height of sphere)
b) The diameter of the impacting sphere

b) The diameter of the cylindrical bar

3.3 Implementation in SHPB Setup

The basic components of the experimental setup are the same as in the classical
SHPB, except for the loading arrangement. The setup is shown diagrammatically in its
basic configuration in Fig. 3.5. Appendix C presents drawings and close-up photographs
of the setup and its various components. The setup consists essentially of:
(a) Frame (b) Rotating Arm
(c) Impacting steel ball & housing {(d) Supports
(e) Uniform steel input and output bars (f) Strain gages

The following considerations are accounted for in the designing of the setup.

3.3.1 Pressure bars characteristics

a) The yield strength of the pressure bars determines the maximum stress attainable
within the deforming specimen. The two bars are made of high strength steel in the
present case.

b) The length of the pressure bars is determined by conditions required for one-

dimensional wave propagation, which requires approximately 10 bar diameters.
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3.3.2 Bar alignment

Accurate bar alignment is required for ideal one-dimensional wave propagation
within the pressure bars and for uniaxial compression within the specimen. However,
alignment cannot be forced by over constraining the pressure bars, because this violates
the boundary conditions for one-dimensional wave propagation in an infinite cylindrical
solid. This is one reason for a tight specification on curvature in the pressure bars.

In the present setup, each bar is mounted on two wooden supports covered with

Teflon, which are placed at equal distance of 40cms.

3.3.3 Mode of generating the incident wave

As explained above, a steel spherical ball is employed. The ball is attached to the
end of a pendulum arm in a special holder or cage. Upon hitting the input bar, a smoothly
rising compressive pulse, followed by an unloading one is generated. For an input bar of
1.6 cm diameter, and a ball diameter of 4.2 ¢cm, the impacting wave is expected to be a s

shown before in Fig. 3.4.

3.4 Instrumentation

Electrical resistance strain gauges are attached to the input and output bars to
monitor the traveling wave signals. At each station, four gages are used and connected to
form a 4-arm Wheatstone bridge (Fig. 3.6). The strain gages on the input bar sense the

incident and reflected waves, whereas those on the output bar sense the transmitted wave.
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3.5 Data Acquisition

The lead wires from the strain gauges on each bar were connected to a signal
conditioner on multi channel amplifier. Three channels of the amplifier were used, two
for the strain-gage bridges on the input and output bars, and one for the triggering gages
attached close to the impacted end of the input bar in a quarter bridge configuration.

The outputs from two amplifiers are fed to a two channels on Digital Storage
Oscilloscope through BNC cables. Thus the incident, reflected and transmitted waves

could be captured, and stored if required for later printing and/or analysis.

3.6 Implementation of the Developed Method of Ramp Loading to
SHPB Testing

Figures 3.7 and 3.8 presents the theoretical and experimental traces for a 1.7 inch
diameter ball hitting a long cylindrical bar of diameter 0.63 inch at a velocity of 1m/s. In
both cases, a smoothly increasing pulse of 70 us rise time is followed by a decreasing
(unloading) pulse. The shape of the pulse in both cases is also identical.

The incident pulse took approximately 200 us to travel from the impact end of the
input bar to the other end; which is equal to the time obtained theoretically for a wave
traveling at a speed of 5000 per second (speed of wave in steel) for a distance of 1 meter.
The experimental traces also show the multiple reflections from the free end of the
incident bar which is opposite in behavior as compared to the initial loading wave.

The amplitude of the wave depends on the mass of the impacting sphere, and its
velocity at impact. The maximum energy associated with the current configuration was

calculated to be 2.4 Joules at impact. This energy can only cause weak brittle materials to
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fracture. For strong brittle materials, a much higher velocity should be used, which can

only be obtained by using a gas gun, or similar equipment.
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for 1.7 in. dia. ball at a velocity of 1m/s (current geometry)

Fig. 3.8 Experimental traces obtained from the oscilloscope
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CHAPTER 4

PROPOSED METHOD FOR ANALYSIS OF

EXPERIMENTAL DATA

4.1 Introduction
As noted in Chapter 2, it is usually difficult to uncover the dynamic behavior of a
brittle specimen experimentally, since the reflected wave is not representative of
specimen behavior. In fact, it is a composite indication of many separate behaviors,
namely
1. The reflection of the initial loading wave from the input bar-specimen interface up to
specimen fracture.
2. The release wave from the specimen, which initiates after its fracture (Kolsky, 1973).
3. The reflection of the remaining part of the loading, after specimen fracture, from the
“now” free end of the input bar.
As such, the reflected wave cannot be used to calculate the specimen strain rate,
and hence strain, using Eqgs. 1-2 and 1-4 as with the case of ductile materials. Therefore, a
new methodology involving numerical simulation has been proposed in the Chapter 2,
and will be developed and implemented in the current chapter. The proposed method is
then verified by considering the experimental results presented by Sarva and Nemat-

Nasser on SiC (2001), shown before in Fig. 2.7.
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4.2 Numerical Simulation of Test

The numerical simulation of the SHPB test is based on assuming a value for the

specimen fracture strength at a given strain rate, calculating the incident/reflected and

transmitted waveforms, and comparing these waveforms with the experimental traces.

These steps are elaborated further in the following.

Step 1:

Step 2:

Step 3:

A finite element model is used to calculate for a given test with assigned impact
stress history, the incident/reflected and transmitted wave histories, along with
specimen average stress and strain histories. The specimen strain rate achieved
in the test is also calculated.

A cut-off specimen strength at the calculated strain rate is assumed, usually
greater than the known quasi-static specimen strength. At this assumed strength
the corresponding specimen loading time to fracture is obtained from the
calculated specimen stress-time history. This stress-time history will be released
from the specimen when it fractures, and hence used as an impacting
compressive wave loading for both input and output bars; the traveling waves
along two bars due to this loading are calculated in another numerical
simulation. In addition, a check on the uniformity of specimen deformation is
performed. The number of reverberations (travel between the two specimen
faces) of the traveling wave should be at least 10, to assure uniformity.

A numerical run is performed for the SHPB using the initial loading wave till
the time of fracture obtained from the previous step, in order to obtain the

transmitted wave history before the fracture of the specimen.
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Step 4: After the fracture of the specimen, the remaining part of the initial loading wave
will reflect back from the free end of the input bar as a tensile wave. Thus, in
order to calculate this reflected wave history, a separate numerical simulation
for the input bar is performed by assuming its ends as free. The load applied in
this case is equal to the initial impact stress history used in step 1, but the results
considered after the fracture time of the specimen obtained from step 2.

Step 5: Since all traveling waves are elastic, the principle of superposition may be
applied. Waves sensed at a particular location on the input and output bars from
the previous separate simulations are therefore added up in order to calculate a
composite resultant history, This is next compared with the experimental test
results at the same locations in question. Qualitative as well as quantitative
comparisons are made. If serious deviations exist, a new iteration is performed
with different cut-off specimen strength. Steps 2 to 5 are repeated until

agreement is obtained between the two results from simulation and experiment.

This exercise helps revealing the value of the specimen strength at the given strain
rate. For other strain-rates, tests are usually performed at different specimen lengths
and/or impact load. Steps 1 to 5 are then repeated.

The procedure described above is presented in the flow chart of Fig. 4.1, and
applied in detail in the following sections. The whole spectrum of traveling waves along

the input and output bars is also clarified using the x-t characteristic diagram of Fig. 4.2
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4.3 General Descriptions of the Software Used

The numerical simulation and resulting computations were performed using a
finite element analysis with ANSYS software program as a vehicle.

The ANSYS program has many finite element analysis capabilities, ranging from
a simple, linear, static analysis to a complex, nonlinear, transient dynamic analysis, but
for large deformation dynamics, quasi-static problems with large deformations and
multiple nonlinearities, and complex contact/impact problems, ANSYS combines with
LS-DYNA explicit finite element program with the powerful pre- and post processing
capabilities of the ANSY'S program.

The explicit method of solution used by LS-DYNA provides fast solutions for
short-time, large deformation dynamics, quasi-static problems with large deformations
and multiple nonlinearities, and complex contact/impact problems. Using this integrated
product, one can model the structure in ANSY'S, obtain the explicit dynamic solution via
LS-DYNA, and review results using the standard ANSY'S post processing tools.

The procedure for an explicit dynamic analysis is similar to any other analysis
that is available in the ANSYS 6.1 program.

A typical finite element analysis on ANSYS/LS-DYNA has three distinct steps:

a. Building the Finite Element model
b. Applying loading and obtaining solution

¢. Reviewing the results

Details of these three steps are given in Appendix D
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4.4 Implementation of the New Approach

The experimental setup and results of Sarva and Nemat-Nasser (2001) will be
used in this section to illustrate the implementation of the proposed approach. The
specimen tested experimentally for dynamic compressive strength was made of Silicon
Carbide. The input and output bars were made of steel (Nemat-Nasser, Isaacs and Starrett
1991). Configuration details of the experimental setup along, along with the results
reported are presented in the following sections. The experimental results include the
time resolved voltage output received from strain gauges attached on the input and output
bars (Fig. 4.3) and the effect of strain-rate on the compressive failure strength of silicon

carbide (Fig. 4.4).

4.4.1 Details of the experimental setup

Not all geometric details were given in the paper except for the diameter of the
bars, which is equal to 12.7 mm. Therefore, some deductive work was necessary to
understand the test configuration used. The x-t characteristic diagram of Fig. 4.2 was also
helpful in that respect. The lengths of the bars were calculated from the traces given for
the time resolved voltage output received from the strain gauge bridges attached on the
input and output bars for a sample test (Fig. 4.3). As can be seen, the reﬂected}and
transmitted traces start at the same time. This indicates that the strain gauge stations were
located at equal distances from the specimen.

Therefore, the distance from the specimen/bars interfaces to the location of the

strain gauges on the incident and transmitted bars, denoted by d, , was calculated from

d,=ct,/2
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where, cis the longitudinal wave speed in the steel bars which is equal to 5000m /s and

¢, is the time taken by the wave to travel from the strain gauge station on the input bar to

specimen/input bar interfaces and back, ¢, is equal to 250 ps as shown in Fig. 4.3. Thus

4= 5000(2)x 2520 %107 (us) _ 0.625m
Therefore the distance between the specimen/bars interfaces to the two strain gauge
locations on the input and output bars was taken as 0.6 meters.

The remaining lengths of the input and output bars were calculated as follows.

The distance from the impact end of the incident bar to its strain gauge location, denoted

by d, was obtained from:
db = Ctb
where, 1, is the time taken by the elastic wave to travel twice the distance between the

impact end and the strain gauge location as shown in Fig. 4.3. Therefore:

5000(173) %360 11s)
S

d, = =0.9m

2
Also:
d,=ct,
where d, is the distance from the strain gauge location on the transmitted bar to its
farthest fixed end from the specimen and ¢, is the time taken by the elastic wave to travel

twice that distance, as shown in Fig. 4.3. Therefore

5000(—’@) *160(us)
d, = o ; = 0.4m
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Based on these calculations, the total lengths of the bars as used in the numerical

simulation were 1.5 meter for the input bar and 1.0 meter for the output bar.

4.4.2 Numerical Model

(a) Idealization

The SiC specimens used in the experiments were of length 6.35 mm and of a
square cross-section 3.5 by 3.5 mm. In the simulation, the geometry was idealized to
be cylindrical of length 6.35 mm and diameter 3.175 mm. Since the symmetry with
respect to geometry and loading exists about the axis of the two cylindrical bars and
the specimen in the SHPB setup (y-axis is in model), it can be modeled by
considering axisymmetry. PLANE 162 elements (ANSYS/LS-DYNA) with
axisymmetric option are considered. The element is defined by four nodes having six
degrees of freedom at each node: translations, velocities, and accelerations in the
nodal x and y directions. Since the bars will be elastic in nature throughout the test,
and also the specimen under test will behave linearly till fracture due to its brittle
nature, the material properties used for the bars and specimen are those of linear

elastic materials.

(b) Finite Element Model
Geometry: Now the 3D problem is reduced to 2D due to axial symmetry, with three
rectangles only; the geometric representation is shown in Fig. 4.5.
Material Properties: Linear isotopic properties for bars (Steel) and specimen (Silicon
Carbide) are specified using two different models (ANSYS/LSDYNA); these are

listed in Table 4.1.
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Meshing: Careful consideration had been given while meshing the model for bars
and specimen. Meshing used is shown in Fig. 4.6. It is refined for more accuracy,
because as a general rule, the finer the FE mesh, the more accurate the results. The
number of elements used in the model was 2016 and 2880 for the specimen, and each
bar, respectively.

Contact: After meshing the geometry, the contact is applied at the specimen- bars
interfaces with the help of Single Surface Auto 2-d option (ANSYS/LSDYNA).
Boundary Conditions: The next step after building the geometric model is
applying boundary conditions. The constraint in the form of roller support is applied
due to the axial symmetry, i.e. line x=0 is constrained in x and allowed to move in y.
Loading: The loading conditions for the explicit dynamic analysis were determined
from the experimental data traces of the incident stress versus time history as

presented in Fig. 4.7 (a). The load is applied in the form of pressure.

4.4.3 Input data values

For verification of the developed FE programs, the traces given (Sarva and Nemat-
Nasser, 2001) for the dynamic compressive strength of silicon carbide at a strain rate of
1200/sec were simulated. The configuration of the setup was as presented in the previous
section, and the material properties were as provided in the paper and shown in Table 4.1.

The quasi-static strength of SiC as reported was 4.2 GPa at 250 s
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Table 4.1 Data used in the numerical analysis

Material properties Geometriec properties
I/P & O/P bars: linear elastic I/p bar

Modulus of elasticity=200GPa Length=1.5meter
Poisson ratio=0.3 Diameter=0.0127meter
Density=7860Kg/m’ O/p bar

Specimen: linear elastic Length=1.0meter
Modulus of elasticity=500GPa Diameter=0.0127meter
Poisson ratio=0.2 Specimen
Densi‘cy=453SKg/m3 Length=0.00635meter;
Quasi-static strength=4.2 GPa Diameter=0.0035meter

Fig. 4.6 FEM model of specimen and portion of pressure bars
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4.4.4 Numerical Runs

Numerical computations were performed for the case of interest as presented in
Fig. 4.3. The experimental traces obtained at 1200 s by Sarva and Nemat-Nasser (2001)
was simulated by using the exact loading conditions and configuration of setup in order
to check the validity of the developed numerical model. After obtaining the reasonable
closeness between the given experimental results and the obtained numerical ones, other
numerical computations can be performed in order to see the effect of specimen length
and amplitude of input stress on the strain rate, and compared with experimental data, if
available.

The results of the computations will now be presented.
(A) First Trial
Step 1: The experimental traces presented by Sarva and Nemat-Nasser ( 2001) at the
strain rate of 1200/sec were simulated by using the configuration of the setup presented in
section 4.4.1. The incident trace given at a rise time of approximately 30 ps as shown in
Fig. 4.7(a) is used as the ramp loading for this numerical work, with a maximum stress
amplitude of 1250MPa, which was found, by trial and error, suitable to achieve the
specimen strain rate of about 1200 s'. Fig. 4.7 also presents the obtained
incident/reflected wave histories at the strain gauge locations in the input (b) bar, along
with the stress (c) and strain (d) histories at the mid of the specimen. The corresponding
strain rate achieved in this numerical run was calculated from the strain-time history
obtained at the mid-section of the specimen, Fig. 4.7(d). As shown in Fig. 4.8, the
expansion of Fig. 4.7 (d), it was found equal to 1240/sec in this case, almost equal to the

experimental result reported.
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Step 2: As a first trial, a cut-off specimen strength greater than the quasi-static strength
of 4.2 GPa, is assumed to be 6 GPa. At this strength the corresponding specimen loading
time to fracture is estimated at 10 ps from the calculated specimen stress-time history,
Fig. 4.7 (c). This stress-time history at specimen fracture is used to calculate the
corresponding release compressive wave, loading both input and output bars as shown in
Fig. 4.9; this form, in effect, step 2 in the simulation. The maximum stress amplitude of
228 MPa used for loading both input and output bars was calculated from:

6000(MPa) , 3.5 ()
2

= O'SAS =

s =227.8MPa
4, 12.7% (mm*)

Oy

where, o, is the bar stress, 4, is the cross-sectional area of the bar (12.7%12.7 mm?), o,
is the assumed specimen cut-off strength (6000 MPa) and A, is the cross-sectional area of

the specimen (3.5*3.5 mm?). The shape of the loading wave used in this case is shown in
Fig. 4.9, includes a loading and unloading time of 10 micro-seconds (as discussed above)
with the maximum amplitude of 228 MPa. From these runs, the resulting traveling waves
along the bars are calculated, and those related to the strain gauge stations are shown in
Fig. 4.9.

Step 3: In order to calculate the transmitted wave history in the output bar till the fracture
time of the specimen, a separate run for complete SHPB had been performed using the
initial loading wave till the time of fracture. The loading wave along with the wave
history obtained at the strain gauge location of the output bar is shown in Fig. 4.10 (a)
and (b). The maximum stress amplitude used for loading in this case is 800 MPa, was
taken from the initial loading wave shown in Fig. 4.7(a) till the fracture time of the

specimen,
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ie. 10 micro-seconds. Here also, the shape chosen is shown in Fig. 4.10 (a), which
includes a loading and unloading time of 10 micro-seconds.

Step 4: After fracture of the specimen, the remaining part of initial loading wave will
reflect back from the “now” free end of the incident bar as a tensile wave. Thus in order
to calculate this reflected wave history, a separate numerical simulation for the input bar
is performed by assuming its end as free. This constitutes step 4 in the simulation. The
load applied in this case is equal to the initial impact stress history used in step 1 as
shown in Fig. 4.11 (a). The wave history at the strain gauge location of the input bar is
shown in Fig. 4.11 (b). However, only the portion of that history corresponding to time
following specimen fracture, which is equal to 440 ps, is considered for the next step
(step 5) where the superposition of all traveling waves in the input bar is performed.
Step 5: Since all traveling waves are elastic, the principle of superposition is applied
(step 5). Waves sensed at the strain gage locations on the input and output bars from the
four separate simulations are therefore added up in order to calculate a resultant
composite history as shown in Fig. 4.12, due account being taken of the proper time in
each case, i.e. the initial loading wave reflected from the specimen bar interface is
considered till the fracture of the specimen, which is equal to 440 ps, whereas the release
wave initiated after the specimen fracture and the remaining part of initial loading wave
is accounted after 440 ps. Figure 4.12 is next compared with the experimental test results
shown in Fig. 4.13 at the same locations. After making the qualitative as well as
quantitative comparisons between the traces of experimental and numerical work, it is
found that the calculated reflected and transmitted waves do not correspond to the

experimental ones in terms of their shape and relative amplitudes.
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loading wave till the time of fracture, i.e. 10 1, in order to calculate
stress history for output bar) at specimen fracture strength of 6 GPa
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initial loading wave, in order to calculate the reflected wave after
fracture of the specimen) at specimen fracture strength of 6 GPa




21E+09 - B
— /P Bar
[\ w3 Bar
14E+09 4 e ;‘ ) - e [ —
T.OE+08 - o oo ’! \\
g J
@ 0.0E+00 ‘ < : WA e —
g ) 0.0001 0\0002], 0.0003 0.00&‘\{0.0005 v?)?(?{é 0.0007 0.0008
[45] /
-7.0E+08 - N \ / \J I R
"\ :
\V4
A AEFOQ A e e . [ -
-2.1E+09 -

Time(Seconds)

Fig. 4.12 Resultant numerical traces obtained (combination of steps 1-4) at
specimen fracture strength of 6 GPa and strain-rate of 1200/sec

.15
% 0.10 + Reflected pulse
a
= £.05 :
B
=
S 0.00
[o3)
& i
3 L |
o -0.05 + P '
nE i
© \ | v INCidENt bar
& -0.10 ‘

- § [ADSMISSiON bar
NDO'!S E ¥ T
~100 100 300 5Q0 700

Time (Micro-seconds)

Fig. 4.13 Experimental traces at a strain rate of 1200/sec

58



It is clear from the obtained results that the assumed cut-off specimen strength of
6 GPa in the current simulation is not the right choice. A second iteration is then
performed with a value of 7 GPa.
(B) Second Iteration

Here, a different specimen cut-off strength is assumed, namely 7GPa. In this case,
steps 1 and 4 are the same as discussed and presented in the first trial.
Step 1: This step is as presented and discussed in the previous case, in order to guarantee
the same specimen strain rate of 1200 s, but the cut-off strength of the specimen
assumed is different than the previous one, as shown in Fig. 4.14 (c).
Step 2: At the assumed cut-off strength of 7GPa, the corresponding specimen loading
time to fracture is estimated from the calculated specimen stress-time history Fig. 4.14
(c), at 12 ps, and the maximum stress amplitude is calculated similarly to that in previous
trial, which is equal to 265 MPa in this case. This stress-time history at specimen fracture
is used to calculate the corresponding release compressive wave, loading both input and
output bars; this form, in effect, step 2 in the simulation, the results of which are shown in
Fig. 4.15.
Step 3: As discussed previously, to calculate the transmitted wave history in the output
bar till the fracture time of the specimen, a separate run for complete SHPB had been
performed using the initial loading wave till the time of fracture, this form, in effect, step
3 in the simulation. The loading wave along with the wave history obtained at the strain
gauge location of the output bar is shown in Fig. 4.16 (a) and (b). The maximum stress

amplitude used for loading in this case is 970MPa, was taken from the initial loading
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Fig. 4.14 Stress/strain histories for step! (i.e. complete run for SHPB at a given
impact stress history) at specimen fracture strength of 7 GPa.
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order to calculate the release wave) at specimen fracture strength of 7
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wave shown in Fig. 4.14 (a) till the fracture time of the specimen, which is equal to 12
micro-seconds.

Step 4: After fracture of the specimen, the remaining part of initial loading wave will
reflect back from the “now” free end of the incident bar as a tensile wave. Thus in order
to calculate this reflected wave history, a separate numerical simulation for the input bar
is performed by assuming its end as free. This constitutes step 4 in the simulation and it is
same as presented in the first trial (Fig. 4.17), except the portion (starting at 444 us)
considered for the following step (step 5), where the superposition of all traveling waves
in the input bar is performed.

Step 5: Since all traveling waves are elastic, the principle of superposition is applied
(step 5). Waves sensed at the strain gage locations on the input and output bars from the
four separate simulations are therefore added up in order to calculate a resultant
composite history as shown in Fig. 4.18, due account being taken of the proper time in

each case.

Figure 4.18 is next compared with the experimental test results shown in Fig. 4.13
at the same locations. Qualitative as well as quantitative comparisons between the two
traces show reasonable closeness between the two. Moreover, by comparing the
computed resultant reflected and transmitted waves of Fig. 4.18 with the experimental
traces shown in Fig. 4.13, the following observations can be made:

a) General
i. The experimental traces are given as strain gage output in volts versus time, whereas

the calculated traces show the stress amplitudes versus time. This fact does not
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Fig. 4.17 Stress histories for step4 (i.e. numerical run for input bar using the

initial loading wave, in order to calculate the reflected wave after
fracture of the specimen) at specimen fracture strength of 7 GPa.
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ii.

b)

prevent the comparison to be performed. If the strain gauge factors were known, the
experimental traces could be multiplied by a constant factor to obtain stresses.

The timescale shown in the experimental traces starts with zero at the input bar gage
station, whereas in the calculations zero time starts at impact end of the input bar.

The transmitted wave is shown upward in the experimental traces of Fig. 4.13. In fact,
these traces should be compressive like the incident wave. The reason behind
inverting the inputs to the oscilloscope to obtain the shown transmitted wave is not
known, and was not mentioned in the paper by the authors.

Reflected Waves

The reflected waves obtained through calculation (Fig. 4.18) are identical to the

experimental ones (Fig. 4.13). Both consist of three different behaviors such as:

1. Reflection of the certain portion (up to specimen fracture) of initial loading wave
from the input bar-specimen interface.

2. The release wave from the specimen which initiates after its fracture.

3. The remaining part of the loading wave which reflects off from the “now” free
end of the input bar, after the fracture of the specimen.

Also, the maximum amplitude of the reflected wave is about 99% of the incident

wave from the experiment, and about 92% of the incident wave from calculation.

Transmitted Waves

As seen in the two figures, the calculated and experimental transmitted waves are
almost identical. The maximum amplitude of the wave is about 59% of the incident

wave from the experiment, and about 64% of the incident wave from calculation.
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The experimental traces show the reflection of the transmitted wave from the
specimen-output bar interface (now a free end) as can be seen in the x-t diagram of
Fig. 4.2. This is not shown in the calculated traces because the calculations were

carried out only up to 700 us from the start of impact on the input bar.

In conclusion, it is clear that the numerical simulation approach detailed in this
Chapter can closely reproduce the traces obtained experimentally. The method should
prove to be a straightforward and logical approach to the analysis of SHPB testing of

brittle materials.
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CHAPTER 5

CONCLUSIONS & RECOMMENDATIONS

5.1 Conclusions
The objective of this thesis was to develop a straightforward methodology to
obtain strain rate effect on the strength of brittle materials using the SHPB technique. The

following conclusions can be made from the current work.

1. Based on a thorough and critical review of the literature, two important modifications

are proposed, namely:

(a) The introduction of a slowly rising compressive pulse followed by a tensile one can
be achieved using a sphere as the medium of impact on a cylindrical bar. The
resulting impact wave was found to be a smoothly increasing compressive pulse
followed by an unloading tensile one. The results were substantiated with a
theoretical analysis of different diameter spherical balls hitting a long cylindrical bar

of given diameter.

(b) The numerical simulation of the test is possible, by accounting for the specimen
fracture and the numerous waves propagating along the input and output bars. This
allows for the reconstruction of the resultant reflected and transmitted waves. This
approach proved to be feasible when the calculated traces are compared with the

experimental ones.
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2. The compressive failure strength of brittle materials, here exemplified by SiC, as
affected by strain rate is possible to identify using the new numerical simulation

approach.

5.2 Recommendations for Future Work
1. The new experimental approach can be used for testing weak brittle materials. For
harder materials, it should be enhanced in order to provide a higher input energy.

This can be achieved by imparting a higher velocity to the ball using a gas gun.

2. The experimental setup built and instrumented in the present work can be used in
the future to generate new data on brittle materials following the important

modifications proposed in the current thesis.
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APPENDIX A

DERIVATION OF MAIN EQUATIONS USED IN THE SHPB

In the SHPB technique, the specimen is sandwiched between two bars and loaded
by a single traveling pulse in compression. The pulse signals are monitored with the aid
of strain gauges, and from which the specimen stress, strain rate and strain can be
deduced, as discussed in the following sections.

A-1 Specimen stress calculation

The average stress o in the specimen can be obtained from (Al-Mousawi, 1997)

o =%L (A1)

where f, and f, are the applied loads on each face of the specimen as shown in Fig.Aj,
and A, is the specimen cross-sectional area. For a specimen in dynamic equilibrium, f;
and /> are expressed in terms of the input and output pressure bar strains as

Ji=EA (g +&g) (A2)

Sy =EAep (As)

where 4, is the bar cross-sectional area, E the elastic modulus of bar material and &, &

and &() are the incident, reflected and transmitted strain histories respectively.

Therefore, the average stress in the specimen is equal to

_ EAO(SI + &R +€T)

o A
Ky ZAS ( 4)
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For a uniformly deforming specimen, the strains in the input bar are equal to the strain in
the output bar 1.e.
g;+Ep = &7 (As)

Thus, substituting from Eq. (As) into Eq. (A4) we get

A
=0y = E(A—O}QT (As)
s

The above equation shows that the stress in the specimen is proportional to the amplitude
of the strain transmitted through the specimen into the output bar.
A-2 Specimen strain calculation

The average strain rate in the deforming specimen is given by Al-Moussawi
(1996) and Kaiser (1998) as

de V.-V,
b S A
= 7 (A7)

s

where V,and V, are the velocities at the input bar/specimen and specimen/output bar
interfaces respectively, and [, is the length of the specimen as shown in Fig. A;.
The velocity ¥,is the product of the longitudinal sound velocity (C, ) in the bar and
the total strain at the input bar/specimen interface, which is
V,=C, (& -~ ) (Ag)
Similarly, the velocity at the specimen/output bar interface is given by
V,=C,&; (Ag)
Since in the above equations &y, &7 are compressive strains, they are considered

positive, whereas g5 is a tensile strain, hence considered negative. Therefore, the average

strain rate in the specimen is given by:
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de C

—=—fLlg;—gp—¢ A
a1, ey —er —er] (A0)
From Eq. (As), we have
gy teEp =¢&7 (AU)

Therefore, substituting in Eq. (A1), we get

de -2C,
= —= & A
o= el (An)
The above expression can be integrated to yield the specimen strain as
-2C
g = £ j'g rAt (A1)

N
Thus, the specimen stress and strain are determined simply by measurements

made on the elastic bars during the test.
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APPENDIX B

ELASTIC IMPACT OF SPHERES ON LONG RODS

The theory of a sphere imparting longitudinal collinear impact on a long
cylindrical rod had been discussed in various texts (Barton, Volterra and Citron, 1958;
Timoshenko, 1982). The following is a short summary.

Let an elastic ball of mass m and radius r strike the end of an infinitely long
cylindrical bar with velocity ¥, in longitudinal impact. Also, let @ be the position of
center of mass of the ball, y the position of center of mass of a section of the impacted
bar near the point of impact. Then the relative displacement of the centers of mass of ball
and bar is f, given by:

f=a-y (B1)

If u represents the elastic displacement of the bar due to impact, then
u=a-p (By)
The velocity of the impacting ball is given by the time rate of change of the position of its

center of mass, which is given by:

y-da _db adu

— B
it dr dt (B3)
Considering Impulse-Momentum relationship, we get:
1 4
V=V, -— [Fdt (Bs)
m
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Using Eq. (B3), we get

1! dp  du
V,—— |Fdt =—+— B
m 5“ dt dt (Bs)
where F is the contact force between the ball and bar.
For a stress-wave uniformly distributed across the section of the cylindrical bar and
traveling with velocity C, = \/: , one obtains:
P
du F
—= (Be)
da pCyA

where p is the density, A is the cross-sectional area, E is the modulus of elasticity, v is

Poisson’s ratio of the bar, and C| is the wave velocity, which is equal to \[E
P

The relationship between the contact force and the local deformation must now be
specified. This is determined from classical Hertz contact theory (Timonshenko, 1982)

and is given by:

F=Kp>"? (B)
where K is a constant dependent on the elastic and geometric properties of the contact

surfaces. For the present case of a spherical ball in contact with a flat surface, K is given

by

(Bs)
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Substituting Egs. (Be), (B7) in (Bs) and differentiating with respect to time, we get
a non-linear ordinary differential equation in terms of the variable P, which is a
governing equation for impact against a rod.

d2ﬁ+ K2 dﬂ3/2 +£z_

3/2:0 B
dt*  pCya dt m g (Bs)

As discussed in Chapter 2, the above equations were solved numerically for two cases

with initial conditions:
p=0, V=V, att=0

The following values for the constants were assumed (Barton, Volterra, Citron, 1958).

p=7.8gm/cm’

v=0.29

A=5.067*10° cm/sec

Co= 5.19%10° cm/sec

Three steel ball masses were considered. The first two were 538 and 67.5 grams

(Barton, Volterra and Citron, 1958), corresponding to experimental ball diameters of 2
and 1 inches. The third mass was 345 grams used in the current experimental setup,
corresponding to ball diameter of 1.7 inches. For each ball mass, four different impact
velocities were considered, namely 242.61, 210.11, 171.52, and 121.30 cm/sec which
corresponded to experimental height of drops of 30, 22.5, 15, and 7.5 centimeters. The
results of these computations expressed under the form stress versus time were shown in

Chapter 3, and also repeated here as Figs. B, B, and B3, for completeness.
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APPENDIX C

ILLUSTRATIONS OF CURRENT SHPB SETUP

The experimental setup consists of various important elements. The basic idea

was to design and manufacture a frame in order to support the long cylindrical bars at

various locations as well as to impact the input bar with a spherical ball at its center. The

following are the important facts considered while designing the setup:

1.

il.

iii.

v,

The frame employed should be a rigid one.

The bars should be rested on supports that have very less frictional effects.
Adjustable supports in order to facilitate the proper alignments of the bars.
Certain mechanism that makes a spherical ball impact at the center of the input

bar and allow it to rebound freely.

The basic components of SHPB setup shown in the following illustrations are:

1.

2.

Frame

Rotating Arm

Impacting ball & housing

Supports

Uniform steel input and qutput bars
Strain gauges

The frame consists of a 200 cm steel base consisting of a wooden plate and

channel beams as shown in Fig. Cy, also visible are steel input and output bars supported

on the wooden blocks grooved in to triangular shapes and also covered with Teflon.
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The impacting ball and its housing supported with the rotating arm are viewed in
the Fig. Cy. The spherical ball employed made of steel with diameter 4.2 cm, resting
against two steel flanges held together using bolts and nuts. A rotating arm is used in
order to support the ball housing freely, and to generate the energy required for impact.
This arrangement for the loading was found to produce a smoothly increasing pulse
followed by decreasing one (sinusoidal), as presented in Chapter 3.

Figure C; presents the full view of developed SHPB along with its
instrumentation. As viewed in the figure electrical resistance strain gauges are attached
to the input and output bars to monitor the traveling wave signals. The strain gages on the
input bar sense the incident and reflected waves, whereas those on the output bar sense
the transmitted wave.

The lead wires from the strain gauges on each bar were connected to a signal
conditioner on multi channel amplifier. Three channels of the amplifier were used, two
for the strain gage bridges on the input and output bars, and one for the triggering gages
attached close to the impacted end of the input bar in a quarter bridge configuration.

The outputs from two amplifiers are fed to a two channels on Digital Storage
Oscilloscope through BNC cables. Thus the incident, reflected and transmitted waves

could be captured.
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